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ABSTRACT

ARTICLE HISTORY

Self-controlled hyperthermia is a non-invasive technique used to kill or destroy cancer cells while preserving normal surrounding tissues. We have explored bulk magnetic Ni-Si and Ni-Al alloys as a potential thermoseeds. The structural, magnetic and magnetocaloric properties of the samples were
investigated, including saturation magnetisation, Curie temperature (TC), and magnetic and thermal
hysteresis, using room temperature X-ray diffraction and magnetometry. The annealing time, temperature and the effects of homogenising the thermoseeds were studied to determine the functional
hyperthermia applications. The bulk Ni-Si and Ni-Al binary alloys have Curie temperatures in the
desired range, 316 K–319 K (43  C–46  C), which is suitable for magnetic hyperthermia applications. We
have found that TC strictly follows a linear trend with doping concentration over a wide range of temperature. The magnetic ordering temperature and the magnetic properties can be controlled through
substitution in these binary alloys.
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Introduction
Hyperthermia or thermal therapy is a type of cancer treatment in which body tissue is heated above the normal body
temperature [1,2]. Research has shown that temperatures in
the 315–319 K (43–46  C) range can destroy or kill cancer
cells [3–7]. Hyperthermia has also been used in conjunction
with other forms of cancer therapy, such as radiation therapy
and chemotherapy [7,8]. It has been shown that hyperthermia conditions make cancer cells more susceptible to radiation and certain anticancer drugs, and it can be used to
attack cancer cells that are not affected by radiation.
Magnetic hyperthermia is a method of hyperthermia treatment in which local heating is achieved through remagnetisation losses in magnetic materials [9,10]. In magnetic
hyperthermia, the temperature of a local area is heated using
magnetic thermoseeds or magnetic nanoparticles subjected
to alternating magnetic fields. The characteristics of the thermoseeds for hyperthermia treatment need to be measured
as a function of magnetic field strength, frequency, volume
of the tissue region exposed and others factors, in realistic
biologically related environments [11,12]. Brezovich and
Atkinson explained that, for most clinical applications, a heat
production rate of 200 mw/cm would be sufficient [13].
Regarding conventional magnetic hyperthermia treatments,
there are several reports on the frequency and strength of
the applied magnetic field on the order of 100 kHz and
10 KA/m, respectively [14], but there is a lack of the temperature control which results in the overheating of normal cells
[5]. The local overheating can be avoided using a self-limited
CONTACT Sudip Pandey
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magnetic hyperthermia technique. Magnetic particles may
serve as a smart regulator, or limiter, which halt the heating
process when the temperature exceeds the Curie temperature. Magnetic materials having the Curie temperature 319 K
(46  C) would act as a temperature limit switch to regulate
the temperature during the treatment in the tumour region.
Magnetic hyperthermia as a thermoseeds is employed by
implanting the thermoseeds into the tumour areas under
imaging guidance, and then subjecting the area to an alternating magnetic field. Some advantages of using the thermoseeds as a hyperthermia cancer treatment are as follows: (a)
they are temperature self-control which eliminate the need
of expansive temperature measurements devices, (b) thermoseeds implantation methods are not radioactive, such as
brachytherapy, so special protections are not required for
both physicians and patient during implantation, (c) there is
no need of complex wire connections as thermoseeds obtain
energy from the external magnetic field and (d) higher temperature ranges can be used than that used in traditional
hyperthermia because it provides the relatively precise control of tissue destruction [15].
Using physical and chemical methods, a large number of
magnetic particles have been synthesised such as Ni-Cr [16],
Fe3O4 [17], La-Ag and La-Na [18], and Gd5 (Si1-xGex)4 and
(Gd1-xErx)5Si4 [19] and investigated for use in self-controlled
hyperthermia applications. Recently, a well-known magnetocaloric material LaFe11.57Si1.43H1.75 shows an extraordinary
induction heating near the first-order Curie transition [20].
Since some of the Ni-based alloys [17,21,22] have been
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investigated as a thermoseeds for use in localised self-controlled hyperthermia treatment of cancer, we tried to extend
the results for other possible Ni-based alloys in hyperthermia
treatment. We believed that the materials are applicable for
medical propose as in Ref. [22] where Gautam explained the
possibility of using the self-regulating Ni-based seeds encapsulated in titanium capsule for the treatments of solid
tumours. Also, these biocompatibility and toxicity problems
can be overcome by encapsulating thermoseeds with a biocompatible layer before implantation. This research mainly
involves the development of thermoseeds to achieve Curie
temperature controlled self-limiting heating at predetermined
temperatures by the heat generated through magnetic hysteresis and magnetocaloric effects. Although the proposed
applications of our research include hyperthermia, this has
not been demonstrated in this work. Here, we have studied
magnetic materials as a thermoseeds that not only heat rapidly, but also stops quickly and the temperature it reaches is
high enough to destroy tumour tissue.
In this research, we have synthesised Ni-Si and Ni-Al alloys
with large magnetisation values with Curie temperature
around 319 K (46  C), effective for cancer treatment to prevent the overheating of healthy tissue. We present experimental results that show the shift of magnetic ordering
temperature is linear with doping concentration over a wide
temperature range.

Experimental techniques
Approximately, 3 g of Ni100-xSix (7.0  x  11) and Ni100-xAlx
(9.0  x  13) binary alloys were prepared by conventional
arc-melting in a high-purity argon atmosphere using high
purity (Ni: 99.9%, Al: 99.999% and Si: 99.99%) elements. The
ingots were re-melted three to four times. For homogenisation, the samples were wrapped in tantalum foil and
annealed at 1123 K (950  C) for 12 hours in high vacuum
(“104 torr) and slowly cooled to room temperature. The
structural characterisation of the materials was done by powder X-ray diffraction (XRD) using Cu-Ka radiation. The magnetisation measurements as a function of temperature and
magnetic field, M(T,H), were carried out in bulk samples of
dimensions 1 mm, in the temperature range 5–400 K, and
in magnetic fields up to 5 T, using a superconducting quantum interference device (SQUID) magnetometer by Quantum
Design, Inc. The magnetic entropy changes (DSM) were calculated using the Maxwell relation (oS/oH) T ¼ (oM/oT)H from
the magnetisation isotherms measured at different temperatures [23]. The refrigeration capacity (RC) has been calculated
by integrating DSM (T, H) curve over the full width at half
maximum using
ð T2
DSM ðTÞdT
(1)
RC ¼
T1

Results and discussion
The room temperature of X-ray diffraction patterns of Ni100xSix (7.0  x  11) and Ni100-xAlx (9.0  x  13) binary alloys are

Figure 1. Room temperature XRD patterns of Ni100-xSix and Ni100-xAlx binary
alloys.

shown in Figure 1(a,b). The data indicate that the samples
are in the austenitic phase and possess the L21 cubic structure. The XRD pattern is similar to the pure nickel and no
extra peaks were observed. Hence, single-phase solid solutions were obtained over the full range of Si and Al concentrations. A summary of the lattice parameters and crystal
types for Ni100-xSix and Ni100-xAlx is given in Table 1. Due to
the larger atomic radius of Si and Al relative to Ni, Si and Al
substitution increased the lattice constants, that is, the cell
volume.
The temperature dependences of the magnetisation M(T)
of Ni100-xSix and Ni100-xAlx alloys at 100 Oe are shown in
Figure 2. A systematic decrease in the magnetic ordering
temperature was observed with increasing Si and Al concentrations. The value of the magnetisation is relatively similar
for both Si and Al substitution. Since higher magnetisations
were observed in these alloys than in other studied Ni-Cr
and Ni-Cu ferromagnetic alloys, which may provide a greater
heating power [10,15]. From the inset of Figure 2(a), one can
see that the annealed Ni91.5Si8.5 sample shows a sharp Curie
transition, whereas the un-annealed sample does not show a
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Table 1. Crystal type, lattice parameters and Curie temperature (TC) of Ni100-xSix and Ni100-xAlx binary alloys.
Ni100-xSix

e/a

Crystal type

Lattice parameter (Å)

TC (K)

Ni100-xAlxx

e/a

Crystal type

Lattice parameter (Å)

TC (K)

7.0
7.5
8.0
8.5
8.7
11.0

9.580
9.550
9.520
9.490
9.470
9.340

L21
L21
L21
L21
L21
L21

3.472
3.481
3.483
3.489
3.492
3.495

360
350
330
318
298
205

9.0
9.5
10.0
10.5
11.0
12.0
13.0

9.370
9.340
9.300
9.260
9.230
9.160
9.090

L21
L21
L21
L21
L21
L21
L21

3.490
–
3.501
3.503
3.506
3.513
3.512

355
346
324
319
299
263
250

Figure 3. The Curie temperature, TC vs. Si and Al wt. % concentrations for all
samples.

Figure 2. Magnetization of annealed Ni100-xSix and Ni100-xAlx binary alloys as a
function of temperature in an applied magnetic field of 100 Oe. The inset of
Figure 2(a) shows M vs. T for annealed and un-annealed Ni91.5Si8.5 alloy in an
applied magnetic field of H ¼ 100 Oe.

clear transition. This is because annealing produces a reduction of dislocation density by recrystallisation, and an
increase in grain size resulting in larger magnetic domains.
So the annealing time, temperature and the effects of
homogenising the thermoseeds are some of the major factors considering in preparing thermoseeds for hyperthermia
applications.
The TC values of the alloys were determined from the
maximum of the differential magnetisation (dM/dT) of the
M(T) curves with respect to temperature. Si and Al

concentrations with respect to Curie temperature are shown
in Figure 3, where the Curie transition temperature decreases
linearly with increasing Si and Al concentrations. The desired
Curie temperature for hyperthermia treatment of cancer,
319 K (46  C), was obtained for Ni91.5Si8.5 and Ni89.5Al10.5.
Hence, we were able to obtain the desired magnetic ordering
temperature between 300 K and 350 K (27  C–77  C) by
adjusting Ni-Si and Ni-Al compositions.
The Curie temperature of the samples were also determined using another method, that is, from H/M vs. M2 plots
(Arrott plots). Figure 4 shows the Arrott plots of Ni91.5Si8.5
and Ni89.5Al10.5 for H  50 kOe and 250 K  T  380 K.
By plotting H/M vs. M2 of the field-dependent
magnetisation (H ¼ 1/v M þ bM þ cMþ   ), the intercept with
the H/M-axis when extrapolated to M2 ¼0 gives 1/v. The
temperature at which 1/v ¼ 0 is the Curie temperature. TC
calculated from Arrott plots for Ni91.5Si8.5 and Ni89.5Al10.5
were at temperatures range around 320 K (47  C). The
linear trend obtained from the Arrott plots was comparable
to those obtained from the maximum of differential magnetisation (dM/dT) of the M(T) curves with respect to
temperature.
The magnetisation M(H) curves of Ni100-xSix and Ni100-xAlx
at room temperature are shown in Figure 5(a,b), respectively.
In all compounds, the magnetisation first rapidly increases,
followed by slower increase with field, which is a typical
ferromagnetic type of behaviour. The magnetisations of the
samples decreased significantly with the addition of Si and Al
concentrations. From the insets of Figure 5(a,b), one can see
that the increase in the number of electrons per atom (e/A
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Figure 4. The Arrott plots of Ni91.5Si8.5 and Ni89.5Al10.5 for a magnetic field
change of 50 kOe in a temperature range of 250 to 380 K.

ratio) increases the saturation magnetic moment (Ms) for
both Si and Al substitutions. The increase in Ms with Si and
Al concentration could be attributed to a change in the 3D
band structure due to a change in both the electron concentration and lattice parameters, or may related to the decrease
in the Ni-Ni exchange interaction. From Figure 5(a,b), one
can see that the samples are not purely ferromagnetic as the
magnetisation did not reach the complete saturation.
Another mechanism of heating utilise the magnetocaloric
effect (MCE), which is different from the local magnetic
hyperthermia effect, and was patented by Tishin [23,24]. The
MCE occurs as a result of the alignment of magnetic
moments with an external applied magnetic field. The alignment reduces the magnetic randomness, or the magnetic
component of the total entropy. This reduction of magnetic
entropy must be compensated by the increase in another
form of entropy and, in the case of magnetocaloric (MC)
materials, is channelled into phonons, or heat. Because
the mechanism of heating in this case is different from the
magnetic hyperthermia, it is named as magnetocaloric hyperthermia. For a thermodynamic Carnot cycle in a magnetocaloric material, the energy observed in one cycle is

Figure 5. Magnetisation as a function of a magnetic field for Ni100-xSix and
Ni100-xAlx at room temperature. The inset shows the saturation magnetic
moment as a function of conduction electron concentration at room
temperature.

determined as [25]:
DQ ¼ DT ðDSM Þ

(2)

where DSM is the magnetic entropy change.
The typical DSM curves for Si- and Al-doped Ni as the
function of temperature are shown in Figure 6. At the
second-order transition (SOT), Ni91.5Si8.5 and Ni89.5Al10.5
exhibit a negative DSM of 1.6 Jkg1K1 and 1.5 Jkg1K1,
respectively, in a magnetic field of 5 T. For the alloys
Ni91.5Si8.5 and Ni89.5Al10.5, which have magnetic ordering
temperature close to the human body temperature, the
observed energy was 3.2 mJ/g and 2.9 mJ/g, respectively, in
a field of 5 T. Using a frequency of 100 kHz, a specific
absorption rate (SAR) of 300 W/g can be obtained for these
alloys. These values are smaller than the value observed in
Fe0.49Rh0.51 [26]. In the case of a second-order transition,
the magnetic entropy change (DSM) and the change in the
alloy temperature (DT) depend on a 2/3 power function of
the applied magnetic field [27]. Thus, it will be possible to
choose the proper magnetic field for human treatment
using MCE materials. The refrigeration capacity, which are
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